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Continuous-Time Accelerated Methods via a
Hybrid Control Lens

Arman Sharifi Kolarijani

Abstract—Treating optimization methods as dynamical
systems can be traced back centuries ago in order to com-
prehend the notions and behaviors of optimization meth-
ods. Lately, this mindset has become the driving force to
design new optimization methods. Inspired by the recent
dynamical system viewpoint of Nesterov’s fast method, we
propose two classes of fast methods, formulated as hybrid
control systems, to obtain prespecified exponential conver-
gence rate. Alternative to the existing fast methods, which
are parametric-in-time second-order differential equations,
we dynamically synthesize feedback controls in a state-
dependent manner. Namely, in the first class, the damping
term is viewed as the control input, while in the second
class the amplitude with which the gradient of the objective
function impacts the dynamics serves as the controller.
The objective function requires to satisfy the so-called
Polyak—tojasiewicz inequality, which effectively implies no
local optima and a certain gradient-domination property.
Moreover, we establish that both hybrid structures possess
Zeno-free solution trajectories. We finally provide a mech-
anism to determine the discretization step size to attain an
exponential convergence rate.

Index Terms—Dynamical systems, fast optimization
methods, feedback control, hybrid control systems.

[. INTRODUCTION

HERE is a renewed surge of interest in gradient-based
T algorithms in many computational communities such as
machine learning and data analysis. The following nonexhaus-
tive list of references indicates typical application areas: cluster-
ing analysis [1], neuro-computing [2], statistical estimation [3],
support vector machines [4], signal and image processing [5],
and networked-constrained optimization [6]. This interest pri-
marily stems from low computational and memory loads of these
algorithms (making them exceptionally attractive in large-scale
problems where the dimension of decision variables can be
enormous). As a result, a deeper understating of how these
algorithms function has become a focal point of many studies.
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One research direction that has been recently revitalized is
the application of ordinary differential equations (ODEs) to the
analysis and design of optimization algorithms. Consider an
iterative algorithm that can be viewed as a discrete dynamical
system, with the scalar s as its step size. As s decreases, one can
observe that the iterative algorithm in fact recovers a differential
equation, e.g., in the case of gradient descent method applied
to an unconstrained optimization problem min y g~ f(X), one
can inspect that

XFH = XF—sVF(XP) ~ X (1) = =V f(X(1)

where f:R™ — R is a smooth function, X is the decision
variable, k € Z g is the iteration index, and ¢t € R~ is the time.
The main motivation behind this line of research has to do with
well-established analysis tools in dynamical systems described
by differential equations.

The slow rate of convergence of the gradient descent algo-
rithm (O(%) in continuous and O() in discrete time), limits
its application in large-scale problems. In order to address this
shortcoming, many researchers resort to the following class of
second-order ODEs, which is also the focus of this paper:

X(t)+v)X(t) + VF(X(t) =0. (1)

Increasing the order of the system dynamics interestingly helps
improve the convergence rate of the corresponding algorithms to
O(7%) in the discrete-time domain or to O( % ) in the continuous-
time domain. Such methods are called momentum, accelerated,
or fast gradient-based iterative algorithms in the literature. The
time-dependent function v : R>g — R+ is a damping or a vis-
cosity term, which has also been referred to as the asymptotically
vanishing viscosity since lim;_,,, y(t) = 0 [7].

A. Chronological Developments of Fast Algorithms

It is believed that the application of (1) to speed-up opti-
mization algorithms is originated from [8] in which Polyak was
inspired by a physical point of view (i.e., a heavy-ball moving in
a potential field). Later on, Nesterov introduced his celebrated
accelerated gradient method in [9] using the notion of “esti-
mate sequences” and guaranteeing convergence rate of O(k%)
Despite several extensions of Nesterov’s method [10]-[12], the
approach has not yet been fully understood. In this regard, many
have tried to study the intrinsic properties of Nesterov’s method
such as [13]-[16]. Recently, Su et al. [17] and in detail [18]
surprisingly discovered that Nesterov’s method recovers (1)
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in its continuous limit, with the time-varying damping term
3
V() =3

B. A Dynamical Systems Perspective

Based on the observation suggested by [17], several novel fast
algorithms have been developed. Inspired by the mirror descent
approach [19], the ODE (1) has been extended to non-Euclidean
settings using the Bregman divergence in [20]. Then, Wibisono
etal. [21] further generalized the approach in [20] to higher order
methods using instead the Bregman Lagrangian. Following [21],
a “rate matching” Lyapunov function is proposed in [22] with
its monotonicity property established for both continuous and
discrete dynamics. Recently, Lessard et al. [16] made use of
an interesting semidefinite programming framework developed
in [15] and use tools from robust control theory to analyze the
convergence rate of optimization algorithms. More specifically,
the authors exploit the concept of integral quadratic constraints
(IQCs) [23] to design iterative algorithms under the strong
convexity assumption. Later, Fazlyab et al. [24] extend the
results of IQC-based approaches to quasi-convex functions. Hu
and Lessard [25] used dissipativity theory [26] along with the
IQC-based analysis to construct Lyapunov functions enabling
rate analyses. In [27], the ODE (1) is amended with an extra
Hessian-driven damping 8V? f(X (¢)) for some positive scalar
B. It is shown that the proposed dynamics can be generalized to
the case of lower semicontinuous functions via an appropriate
reparameterization of the dynamics. Krichene et al. [28] pro-
posed an averaging approach to construct a broad family of fast
mirror descent methods. They also introduce a state dependent,
heuristic method to adaptively update the averaging function.

C. Restarting Schemes

A characteristic feature of fast methods is the nonmonotonic-
ity in the suboptimality measure f — f*, where f* refers to the
optimal value of function f. The reason behind such an undesir-
able behavior can be intuitively explained in two ways: first, a
momentum-based argument indicating as the algorithm evolves,
the algorithm’s momentum gradually increases to a level that it
causes an oscillatory behavior [29], and second, an acceleration-
based argument indicating that the asymptotically vanishing
damping term becomes so small that the algorithm’s behavior
drifts from an overdamped regime into an underdamped regime
with an oscillatory behavior [18]. To prevent such an undesirable
behavior in fast methods, an optimal fixed restart interval is
determined in terms of the so-called condition number of func-
tion f such that the momentum term is restarted to a certain
value (see, e.g., [10], [12], [30]-[32]). It is worth mentioning
that [29] proposes two heuristic adaptive restart schemes. It is
numerically observed that such restart rules practically improve
the convergence behavior of a fast algorithm.

D. Regularity for Exponential Convergence

Generally speaking, exponential convergence rate and the
corresponding regularity requirements of the function f are two
crucial metrics in fast methods. In what follows, we discuss about
these metrics for three popular fast methods in the literature.

(Notice that these fast methods are in general designed for wider
classes of functions and not limited to the specific cases reported
below.) When the objective functions are strongly convex with
a constant oy and their gradient is Lipschitz with a constant L,
[18] proposes the “speed restarting” scheme

d|| X (7)||?

—— >0
dr }
to achieve the convergence rate of

FX(0) = [ < die” ) X (0) = X7

sup {t >0: V7 e (0,t),

The positive scalars dy and dz depend on the constants oy and
Ly. Assuming the convexity of the function f with a certain
choice of parameters in their “ideal scaling” condition, [21] uses
the dynamics

X(t) +cX(t)
1. !
+ cZet (v2h(x(t) + cX(t))) V(X)) =0

and guarantees the convergence rate of O(e™“!) for some pos-
itive scalar ¢, where the function h is a distance generating
function. Under uniform convexity assumption with a constant
vy, it is further shown that

FIX®) = < (FX(0) = e,

where p — 1 is the order of smoothness of f. Wilson et al. [22]
introduced the Lyapunov function

E(t) = O (F(x(1) — £+ FIx = 2(1)]?)
to guarantee the rate of convergence
E(t) < E£(0)e / A)ds

where Z(t) = X (t) + %X,Z(t) =-—X(t)— #
(t)), and 5(t) is a user-defined function.

(VX

E. Statement of Hypothesis

Much of the references reviewed previously (excluding,
e.g., [27] and [28]) primarily deal with constructing a time-
dependent damping term ~(¢) that is sometimes tied to a
Lyapunov function. Furthermore, due to underlying oscillatory
behavior of the corresponding second-order ODE, researchers
utilize restarting schemes to overwrite the steady-state non-
monotonic regime with the transient monotonic regime of the
dynamics. In general, notice that these schemes are based on
time-dependent schedulers.

With the abovementioned argument in mind, let us view an
algorithm as a unit point mass moving in a potential field caused
by an objective function f under a parametric (or possibly
constant) viscosity, similar to the second-order ODE (1). In this
view, we aim to address the following two questions.

Is it possible to

I) synthesize the damping term +y as a state-dependent term
(i.e., (X, X)), or
II) dynamically control the magnitude of the potential force
VF(X)
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such that the underlying properties of the optimization algorithm
are improved?

F. Contribution

In this paper, we answer these questions by amending the

second-grder ODE (1) in two ways as follows:
D X(t) + (X (1), X ()X () + VA(X (1)) = 0,

) X (8) + X (t) + (X (8), X () VA(X (1)) =0,
where the indices indicate to which question each structure
is related to in the abovementioned hypothesis. Evidently, in
the first structure, the state-dependent input wuy replaces the
time-dependent damping v in (1). While in the second structure,
the feedback input uyy dynamically controls the magnitude with
which the potential force enters the dynamics (we assume for
simplicity of exposition that v(¢) = 1, however, one can modify
our proposed framework and following a similar path develop
the corresponding results for the case y(¢) # 1). Let f be a
twice differentiable function that satisfies the so-called Polyak—
Lojasiewicz (PL) inequality [see Assumption (A2)]. Given a
positive scalar «, we seek to achieve an exponential rate of
convergence O(e~t) for an unconstrained, smooth optimiza-
tion problem in the suboptimality measure f(X(¢t)) — f*. To
do so, we construct the state-dependent feedback laws for each
structure as follows:

ur(X (), X (¢)) :=

o IVAX @) - <V2f(X(t))X(t),X(t>>
(VF(X(@), =X (1))
urr(X (t), X (t)) :=

(V2A(X($)X (1), X (1)) +(1—a)(VA(X(), ~X (1))
IVFX ()2 '

Motivated by restarting schemes, we further extend the class
of dynamics to hybrid control systems (see Definition II.1 for
further details) in which both of the abovementioned ODE
structures play the role of the continuous flow in their respective
hybrid dynamical extension. We next suggest an admissible
control input range [tmin, Umax| that determines the flow set
of each hybrid system. Based on the model parameters «, iy,
and U, ax, We then construct the jump map of each hybrid control
system by the mapping (X', —3V"' f(X))' guaranteeing that
the range space of the jump map is contained in its respective
flow set. Notice that the velocity restart schemes take the form
of X = —BVf(X).

This paper extends the results of [33] in several ways, which
are summarized as follows.

1) We synthesize a state-dependent gradient coefficient
(urr(z)) given a prescribed control input bound and a
desired convergence rate (see Theorem II1.4). This is a
complementary result to our earlier study [30], which
is concerned with a state-dependent damping coefficient
(ur(z)). Notice that the state-dependent feature of our
proposed dynamical systems differs from commonly
time-dependent methodologies in the literature.

2) We derive a lower bound on the time between two consec-
utive jumps for each hybrid structure. This ensures that the

constructed hybrid systems admit the so-called Zeno-free
solution trajectories. It is worth noting that the regular-
ity assumptions required by the proposed structures are
different (see Theorems III.2 and IIL.5).

3) The proposed frameworks are general enough to include
a subclass of nonconvex problems. Namely, the critical
requirement is that the objective function f satisfies the
PL inequality [see Assumption (A2)], which is a weaker
regularity assumption than the strong convexity that is of-
ten assumed in this context for exponential convergence.

4) We utilize the forward-Euler method to discretize both
hybrid systems (i.e., obtain optimization algorithms). We
further provide a mechanism to compute the step size
such that the corresponding discrete dynamics have an
exponential rate of convergence (see Theorem III.11).

The remainder of this paper is organized as follows. In
Section II, the mathematical notions are represented. The main
results of the paper are introduced in Section III. Section IV
contains the proofs of the main results. We introduce a numer-
ical example in Section V. This paper is finally concluded in
Section VI.

Notations: The sets R™ and R™*"™ denote the n-dimensional
Euclidean space and the space of m x n dimensional matrices
with real entries, respectively. For a matrix M € R™*", M T
is the transpose of M, M > 0 (< 0) refers to M positive
(negative) definite, M > 0 (= 0) refers to M positive (negative)
semidefinite, and Aj,a.x (M) denotes the maximum eigenvalue
of M. The n x n identity matrix is denoted by I,,. For a vector
veR™andi € {1,...,n}, v; represents the ith entry of v and
[lv|l :=+/=r, 2 is the Euclidean 2-norm of v. For two vectors
x,y € R™, (x,) := 2"y denotes the Euclidean inner product.
For a matrix M, || M|| :=+/Amax(MT M) is the induced 2-norm.
Given the set S C R™, 95, and int(S) represent the boundary
and the interior of S, respectively.

Il. PRELIMINARIES

We briefly recall some notions from hybrid dynamical systems
that we will use to develop our results. We state the standing
assumptions related to the optimization problem to be tackled in
this paper. The problem statement is then introduced. We adapt
the following definition of a hybrid control system from [34]
that is sufficient in the context of this paper.

Definition I1.1 (Hybrid control system): A time-invariant
hybrid control system H comprises a controlled ODE and a
jump (or a reset) rule introduced as

T =
xt =

where 27 is the state of the hybrid system after a jump, the
function u : R™ — R denotes a feedback signal, the function
F:R™ x R™ — R" is the flow map, the set C C R" is the flow
set, and the function G : 9C — int(C) represents the jump map.

Notice that the jump map G(z) will be activated as soon as
the state x reaches the boundary of the flow set C, that is JC. In
hybrid dynamical systems, the notion of Zeno behavior refers
to the phenomenon that an infinite number of jumps occur in
a bounded time interval. We then call a solution trajectory of

Fz, u(z)),
G(x),

rzel
otherwise

(H)
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a hybrid dynamical system Zeno free, if the number of jumps
within any finite time interval is bounded. The existence of a
lower bound on the time interval between two consecutive jumps
suffices to guarantee the Zeno freeness of a solution trajectory
of a hybrid control system. Nonetheless, there exist solution
concepts in the literature that accept Zeno behaviors (see for
example [34]-[37] and the references therein).

Consider the following class of unconstrained optimization
problems:

f=

where f : R™ — R is an objective function.

Assumption I1.2 (Regularity assumptions): We stipulate that
the objective function f : R™ — R is twice differentiable and
fulfills the following:

1) (Bounded Hessian): The Hessian of function f, denoted
by V2 f(x), is uniformly bounded, i.e.,

1, < V?f(z) < Ly,

min f(X) 2

(AD)

where /; and L are nonnegative constants.

2) (Gradient dominated): The function f satisfies the PL
inequality with a positive constant jiy, i.e., for every x in
R"™, we have

SIVF@I? 2 1y (@)~ 1)

where f* is the minimum value of f on R™.
3) (Lipschitz Hessian): The Hessian of the function f is
Lipschitz, i.e., for every =,y in R™, we have

[V2f(x) = V2 f(y)|| < Hfllz -y

where H is a positive constant.

We now formally state the main problem to be addressed in
this paper.

Problem 11.3: Consider the unconstrained optimization
problem (2) where the objective function f is twice differen-
tiable. Given a positive scalar o, design a fast gradient-based
method in the form of a hybrid control system () with a-
exponential convergence rate, i.e., for any initial condition X (0)
and any ¢ > 0, we have

FX@) = f < e (f(X(0) — f)

where {X (t)}+>0 denotes the solution trajectory of the sys-
tem ().

Remark I1.4 (Lipschitz gradient): Since the function f is
twice differentiable, Assumption (A1) implies that the function
V f is also Lipschitz with a positive constant Ly, i.e., for every
x,y in R™, we have

V(@)= Vi) < Lillz -yl 3)

We now collect two remarks underlining some features of the
set of functions that satisfy (A2).

Remark I1.5 (PL functions and invexity): The PL inequality
in general does not imply the convexity of a function but rather
the invexity of it. The notion of invexity was first introduced
by [38]. The PL inequality (A2) implies that the suboptimality
measure [ — f* grows at most as a quadratic function of V f.

(A2)

(A3)

Remark 11.6 (Nonuniqueness of stationary points): While
the PL inequality does not require the uniqueness of the
stationary points of a function (i.e., {z: Vf(z)=0}), it
ensures that all stationary points of the function f are global
minimizers [39].

We close our preliminary section with a couple of popular
examples borrowed from [40].

Example 1 (PL functions): The composition of a strongly
convex function and a linear function satisfies the PL inequality.
This class includes a number of important problems such as least
squares, i.e., f(z) = ||Ax — b||* (obviously, strongly convex
functions also satisfy the PL inequality). Any strictly convex
function over a compact set satisfies the PL inequality. As
such, the log-loss objective function in the logistic regression,
ie., f(z) = X7 log(1 + exp(b;a; x)), locally satisfies the PL
inequality.

[ll. MAIN RESULTS

In this section, the main results of this paper are provided.
We begin with introducing two types of structures for the hybrid
system () motivated by the dynamics of fast gradient meth-
ods [18]. Given a positive scalar «, these structures, indexed
by T and I1T, enable achieving the rate of convergence O(e~%)
in the suboptimality measure f(x1(¢)) — f*. We then collect
multiple remarks highlighting the shared implications of the two
structures along with a naive type of time discretization for these
structures. The technical proofs are presented in Section I'V. For
notational simplicity, we introduce the notation = = (1, 22)
such that the variables z1 and x5 represent the system trajectories
X and X, respectively.

A. Structure I: State-Dependent Damping Coefficient

The description of the first structure follows. We start with
the flow map Fj : R?" x R — R?" defined as

i) 0
Fi(z,ur(z)) = (—Vf(xﬁ) + (—9@) ur(z). (4a)

Notice that Fy(-, -) is the state-space representation of a second-
order ODE. The feedback law uy : R?® — R is given by

[V f(z)]? = (V2 f(a1)za, 22)
<Vf($1)a—$2> '

Intuitively, the control input wuy(x) is designed such that
the flow map Fi(z,us(x)) renders a level set o(t) :=(V
f(x1(t), m2(t)) + o f(z1(t) — f*) invariant, ie., $o(t) =
0. Next, the candidate flow set Cy C R?" is characterized by
an admissible input interval [ug ug], i.e.,

ur(z) = o+

(4b)

Cr={zeR™: ui(x) € [ug, ]} (4c)
where the interval bounds u;g, Ty represent the range of admis-
sible control values. Notice that the flow set Cy is the domain in
which the hybrid system (7{) can evolve continuously. Finally,

we introduce the jump map Gy : R?" — R?" parameterized by
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a constant [y

Gi(z) = (4d)

[
—b1V f(x1)
The parameter 1 ensures that the range space of the jump map
Gf is a strict subset of int(Cy). By construction, one can inspect
that any neighborhood of the optimizer x] has a nonempty
intersection with the flow set Cy. That is, there always exist paths
in the set Cr that allow the continuous evolution of the hybrid
system to approach arbitrarily close to the optimizer.

We are now in a position to formally present the main results
related to the structure I given in (4). For the sake of complete-
ness, we borrow the first result from [33]. This theorem provides
a framework to set the parameters wug, ur, and S in (4c) and
(4d) in order to ensure the desired exponential convergence rate
O(e ).

Theorem III.1 (Continuous-time convergence rate - I1): Con-
sider a positive scalar a and a smooth function f: R™ — R
satisfying Assumptions (A1) and (A2). Then, the solution tra-
jectory of the hybrid control system (#) with the respective
parameters (4) starting from any initial condition 1 (0) satisfies

Ha®) = < e (f@o) =) w=0 ©

if the scalars uy, uy, and (g are chosen such that

u < a+ Bt — LB (6a)
ar > a+ Byt 4 LB (6b)
a < 2u¢Pr. (6¢)

The next result establishes a key feature of the solution
trajectories generated by the dynamics () with the respective
parameters (4), that the solution trajectories are indeed Zeno
free.

Theorem II1.2 (Zeno-free hybrid trajectories-I): Consider a
smooth function f : R™ — R satisfying Assumption II.2, and
the corresponding hybrid control system () with the respec-
tive parameters (4) satisfying (6). Given the initial condi-
tion (x1(0), — BV f(x1(0))) the time between two consecutive
jumps of the solution trajectory, denoted by 7y, satisfies for any
scalarr > 1

ai

1/6
1 i 1
71 > log mm{a2 GV )] + ,7’} (7)

where the involved constants are defined as

O (ur —a) + (QUI —a)?+4L; 8a)
§ := C + max{ur, —uy } (8b)
Ly :=max{l, L} (8¢)

a1 == min{ur — (a + By + €4 Br),
(o + By = Lyfr) — ur} (8d)

az =1L (rfrC + 1) + B+ (1P + 1+ 1)BiLy (8e)
ag :==r°BiH " (8f)

Consequently, the solution trajectories are Zeno free.

Remark I11.3 (Nonuniform interjumps - I): Notice that The-
orem III.2 suggests a lower bound for the interjump interval
71 that depends on ||V f(z1)]|. In light of the fact that the
solution trajectories converge to the optimal solutions, and as
such V f(x1) tends to zero, one can expect that the frequency
at which the jumps occur reduces as the hybrid control system
evolves in time.

B. Structure Il: State-Dependent Potential Coefficient

In this section, we first provide the structure II for the hybrid
control system (). We skip the details of differences with the
structure I and differ it to Sections III-C and IV. Consider the
flow map Fy : R?” x R — R2" given by

T 0
Fii(z, un(z)) = <_;> + (—Vf(x1)> urr(z)  (9a)

and the feedback law ugy : R2” — R given by

(V2f(x1)za, 29) + (1 — a)(Vf(x1), —2)
IV f(z1)]2 '

Notice that here the input uyr(z) is derived along the same lines
as in structure I. The feedback input ugy(x) is synthesized such
that the level set o(t) := (Vf(x1(t)), x2(t)) + a(f(z1(t)) —
f*) remains constant as the dynamics z evolve based on the
flow map Fy1(x,urr(x)). The candidate flow set Cry C R?™ is
parameterized by an admissible interval [uy;ur] as follows:

UII (l‘) = (9b)

Cir = {.T S R2" . UII(x) € [QII,EII}}- (9¢)

Parameterized in a constant fSyy, the jump map Gy : R?" —
R2" is given by

Gr(z) = " .
) <—511Vf($1)>

Theorem II1.4 (Continuous-time convergence rate-11): Con-
sider a positive scalar a and a smooth function f: R™ — R
satisfying Assumptions (A1) and (A2). Then, the solution tra-
jectory of the hybrid control system (#) with the respective
parameters (9) starting from any initial condition 1 (0) satisfies
the inequality (5), if the scalars uyy, %y1, and Syy are chosen such
that

(9d)

upp < *Zfﬂlzl +(1—a)pu (10a)
T > LB+ (1 — a)bu (10b)
a < Q/Lfﬁn. (10c)

Theorem II1.5 (Zeno-free hybrid trajectories-I11): Consider a
smooth function f : R™ — R satisfying Assumptions (A1) and
(A2), and the hybrid control system (#H) with the respec-
tive parameters (9) satisfying (10). Given the initial condition
(21(0), =BV f(z1(0))) the time between two consecutive
jumps of the solution trajectory, denoted by 7yy, satisfies for
any scalar r € (0,1)

i1 > min {rw™', 8(by 4+ b2) 7'} (11)
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where the involved scalars are defined as

& := min {Tr — (LB + (1 — @)B),
(=L Bt + (1 — a)Bu) — un }
U := max{ur, —u }

[:f = max{ﬁf,Lf}
w:= L(BH + Bul)?

~ 2Lpfu(U +w(Pu +U))
TR

m + |CY — 1|04/6H(1 + ’I“).
Thus, the solution trajectories are Zeno free.

Remark I11.6 (Uniform interjumps-II): Notice that unlike
Theorem III.2, the derived lower bound for the interjump in-
terval 7y1 is uniform in the sense that the bound is independent
of ||V f(x1)|. Furthermore, the regularity requirement on the
function f is weaker than the one used in Theorem II1.2, i.e., the
function f is not required to satisfy the Assumption (A3).

Notice that the main differences between the structures (4)
and (9) lie in the flow maps and the feedback laws. On the other
hand, these structures share the key feature of enabling an a-
exponential convergence rate for the hybrid system (#) through
their corresponding control inputs. The reason explaining the
aforementioned points is deferred until later in Section IV.

b2 = |Oz—1‘

C. Further Discussions

In what follows, we collect several remarks regarding the
common features of the proposed structures. Then, we apply the
forward-Euler method of time discretization to these structures
of the hybrid control system (). The proposed discretizations
guarantee an exponential rate of convergence in the suboptimal-
ity measure f(x%) — f*, where k is the iteration index.

Remark 111.7 (Weaker regularity than strong convexity): The
PL inequality is a weaker requirement than strong convexity.
Notice that although the class of functions that satisfy the PL
inequality are in general nonconvex, the set of minimizers of
such functions should still be a convex set.

Remark I11.8 (Hybrid embedding of restarting): The hybrid
frameworks intrinsically capture restarting schemes through the
jump map. The schemes are a weighted gradient where the
weight factor Sy or Sy is essentially characterized by the given
data o, puy, £y, and Ly. One may inspect that the constant Sy
or 1 can be in fact introduced as a state-dependent weight
factor to potentially improve the performance. Nonetheless, for
the sake of simplicity of exposition, we do not pursue this level
of generality in this paper.

Remark II1.9 (Second-order information): Although  our
proposed frameworks require second-order information, i.e.,
the Hessian V2 f, this requirement only appears in a mild form
as an evaluation in the same spirit as the modified Newton
step proposed in [41]. Furthermore, we emphasize that our
results still hold true if one replaces V2 f(x1) with its upper

bound L ¢ I, following essentially the same analysis. For further
details, we refer the reader to the proof of Theorem II1.4.
Remark 111.10 (Fundamental limits on control input):
An implication of Theorem III.4 is that if the desired
convergence rate o > (Qif” _: 7 ), it is then required to choose
upp < 0, indicating that the system may need to receive
energy through a negative damping. On a similar note,
Theorem III.1 asserts that the upper bound requires uy > a,

and if o > (—2’” ), we then have to set uy < 0 [33,
y/max{L;—2pu;,0}
Remark 3.4].

D. Discrete-Time Dynamics

In the next result, we show that if one applies the forward-
Euler method on the two proposed structures properly, the re-
sulting discrete-time hybrid control systems possess exponential
convergence rates. Suppose ¢ € {I, IT} and let us denote by s the
time-discretization step size. Consider the discrete-time hybrid
control system

k1 _ Fyi(a® ugq(a¥)), =% € Ca;
Ga,i(a®),

where Fy; ;, G4, and Cy ; are the flow map, the jump map, and
the flow set, respectively. The discrete flow map Fy; : R*" x
R — R27 is given by

Fy, (xk,ud,i(xk)) =zF + sF; (xk,ui(xk)), 1 € {I, 11}
(13a)

where F; and u; are defined in (4a) and (4b), or (9a) and (9b)
based on the considered structure 7. The discrete flow set Cq ; C
R?" is defined as

Cai = {(w’f,xlg) e R .

crllz5 | < [VFEDIP < V() —a5) }
(13b)

and, c¢; and cy are two positive scalars. The discrete jump
map Gg;: R?" — R?" is given by Gg,(2*) = ((«%)7, -3
V)"

Itis evident in the flow sets Cg ; of the discrete-time dynamics
that these sets are no longer defined based on admissible input
intervals. The reason has to do with the difficulties that arise
from appropriately discretizing the control inputs uy and ugy.
Nonetheless, the next result guarantees exponential rate of con-
vergence of the discrete-time control system (12) with either of
the respective structure I or II, by introducing a mechanism to
set the scalars ¢q, co, and 3.

Theorem II1.11 (Stable discretization-I and II): Consider a
smooth function f : R™ — R satisfying Assumptions (A1) and
(A2). The solution trajectory of the discrete-time hybrid control
system (12) with the respective structure 7 € {I, IT} and starting
from any initial condition x[f satisfies

F@i™h) = £ < M en,e2.8) (£(2) = 1)
with A(s, ¢, c2, 8) € (0,1) given by

12
otherwise (12)

(14)

S L
Als, erse2, ) = 14 20 (_cQ i 2cfl$2> (15)
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Algorithm 1: Sate-dependent Fast Gradient Method.

Input: data 29, {7, Ly, jip, @ € RT, kypax € N,
i e {I,1I}
Set: \/c1 =3 = Bt =Lgs, 2 = —BVf(z?)
a? = (af,23)
for £k = 1 to kax do
if c1[[25]* < [[VF(@])? < oV f(2]), —25) then
oF L Fyi(a®)
else
oh Gy y(2")
end if
end for

if the parameters s, ¢, co, and /3 satisfy

Ve < e (16a)
B%c1 <1< Bey (16b)
coLys < 2c. (16¢)

Remark I11.12 (Naive discretization): We would like to em-
phasize that the exponential convergence of the proposed dis-
cretization method solely depends on the dynamics x; and the
properties of the objective function f. Thus, we deliberately
avoid labeling the scalars 1, co, and § by the structure index
1. Crucially, the structures of the control laws do not impact
the relations (16) in Theorem III.11 (see Section IV-D for more
details). In light of the abovementioned facts, we believe that a
more in-depth analysis of the dynamics along with the control
structures may provide a more intelligent way to improve the
discretization result of Theorem III.11.

Corollary 111.13 (Optimal guaranteed rate): The  optimal
convergence rate guaranteed by Theorem III.11 for the

. . . . o /,Lf
discrete-time dynamics is \* := (1 — L—f) and
1
¥ X o *
c] = ¢y 5= Lys™.

The pseudocode to implement the abovementioned corollary
is presented in Algorithm 1 using the discrete-time dynam-
ics (12) with the respective parameters I or II.

Remark I11.14 (Gradient-descent rate matching): Notice
that the rate 1 — ‘Ll—? in Corollary III.13 is equal to the rate
guaranteed by the gradient descent method for functions that
satisfy the PL inequality (A2) (see, e.g., [40]). This is in fact
another inefficiency indicator of a straightforward application
of the forward-Euler method on the continuous-time hybrid
control systems that are proposed in this paper. Moreover, it
is worth emphasizing that Nesterov’s fast method achieves the
optimal rate 1 — Z—J; for strongly convex functions with the

strong convexity constant o [10].
IV. TECHNICAL PROOFS

A. Proof of Theorem Il1.2

In this section, we first set the stage by providing two interme-
diate results regarding the properties of dynamics of the hybrid

control system (7) with the respective parameters (4). We then
employ these facts to formally state the proof of Theorem III.2.
The next lemma reveals a relation between V f (21 ) and a2 along
the trajectories of the hybrid control system. In this section, for
the sake of brevity, we denote x1(¢) and z1(0) by z;1 and z1 g,
respectively. We adapt the same change of notation for x5 and
x, as well.

Lemma IV.1 (Velocity lower bound): Consider the
continuous-time hybrid control system (#) with the respective
parameters (4) satisfying (6) where the function f satisfies
Assumptions (A1) and (A2). Then, we have

[V f(@1)]| < Claz]

where C'is given by (8a).
Proof: Notice that, by the definition of the control law and
the upper bound condition uy(x) < uy, we have

IV f(21)||> = (V2 f (1) 22, 7o)
< (@ — a)(Vf(21), —22)
< (ur — )|V f ()| - [l

where the second inequality follows from the Cauchy—Schwarz
inequality. Since the function f satisfies Assumption (A1), one
can infer that

IV F(@)[|* = Lyllwa]? < (@ — )|V F (@) - [l22]
which in turn can be reformulated into

IV@ol* V£ (1))

E—a’
R P

Defining the variable y := ||V f(z1)]|/||z2]|, the inequality (18)
becomes the quadratic inequality y? — (ur — o)y — Ly < 0.
Taking into account that ¢y > 0, it then follows from (17) that:

Vsl _ @)+ @@= AL
ol 2

This concludes the proof of Lemma IV.1. |

In the following, we provide a result that indicates the vari-
ation of norms z; and x9, along the trajectories of the hybrid
control system, are bounded in terms of time while they evolve
according to the continuous mode. Since the hybrid control
system is time invariant, such bounds can be generalized to all
interjump intervals.

Lemma 1V.2 (Trajectory growth rate): Suppose that the
same conditions as specified in Lemma IV.1 hold, and the
hybrid control system (), (4) starts from the initial condition
(1,0, —B1V f(x1,0)) for some 1 o € R™. Then,

)

—L;<0. (18)

:C.

21 = @10l <6 [zl (e = 1) (19a)
22 — w20l < [lz2,0]l(e” — 1) (19b)
where § is given by (8b).
Proof: Using the flow dynamics (4a), we obtain
Llaal) < || Lo < 197l + fun(z)]| - ]
< (C 4 max{ur, —ug})||22]l = dl[z2f|.  (20)
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The inequality (20) implies that
2l < [lz20le’ @

Furthermore, notice that

= [Jal|-

d
aﬂxl < Hdt(xl —Z1,0)

Integrating the two sides of the abovementioned inequality leads
to

t t
o1 = av0ll < [ floats)ds < [ lwzalle™ds
0 0

Izl gy

in which we made use of (21). Hence, the inequality (19a) in
Lemma IV.1 is concluded. Next, we shall establish the inequal-
ity (19b). Note that

S

||962 T2 0|| > H $2 —3720 Hl‘2

Applying Grownwall’s inequality [42, Lemma A.1] then leads to
the desired inequality (19b). The claims in Lemma IV.2 follow.ll
Proof of Theorem I11.2: The proof comprises five steps, and
the key part is to guarantee that during the first interjump interval
the quantity |ug(x) — ui(z o)| is bounded by a continuous func-
tion ¢(¢, ||V f(x1,0)]), which is exponential in its first argument
and linear in its second argument. Then, it follows from the
continuity of the function ¢ that the solution trajectories of the
hybrid control system are Zeno free. |
Step 1: Let us define ¢(t) := (V f(x1), —x2). We now com-
pute the derivative of g(¢) along the trajectories of the hybrid
control system (#), (4) during the first interjump interval, i.e.,

ag(t)
= (V2 f(x1)z0, —2) + (Vf(21), ut(x)22 + Vf(21))

(V2 f(1)x2, 22) + |V f(@1)||* + ur(@)(V f(21), 22)

= —a(Vf(z1),

According to the abovementioned discussion and considering
the initial state x50 = — 1V f(21,0), it follows that

(Vf(@1), —m2) = Bi||V f(z10)]| e " (22)

Step 2: The quantity [e®!||Vf(z1)||? — ||V f(z1,0)]?| is
bounded along the trajectories of the hybrid control system ()
with the respective parameters (4) during the first interjump
interval, i.e.,

Vs @)|* =~ 195 o)

—x3) = —ag(t).

V@) - (e -

eo‘t + 1)||Vf(17170)H2‘

V@) = Vo) ||+ = ) Vo)

= e (Vf(z1) = Vf(1,0), VI(21) + V f(x1,0>>\

+ (e = )|V (10)|

) ||V (1) = V(o) - | V(1) + V(10|

a 2
+ (e*t — 1)||Vf(x170)’|
(iif) x
< eath|‘:L,1 _ xl,O” (51066t + 1) H ;IOH
2
+ (6at _ 1) ||IZI§||
(iv)
< eath(eét . 1) ||35(2$0|| (5 Cet + 1) |3C; ol
I
2
+ (6005 B 1) ||$Z)I§||
Lf t St 1 t > 2
* Ce* +1 + (e —1 x
= (FHe B 1 1 1)+ (e =) o

where we made use of the triangle inequality in the inequality
(i), the Cauchy—Schwarz inequality in the inequality (ii), As-
sumption (A1) and its consequence in Remark I1.4 along with
the triangle inequality in the inequality (iii), and the inequality
(19a) in the inequality (iv), respectively.

Step 3: Observe that

| (V2 f(21)2, 22) —
= e ([V?f(z1) —
— (et = e+ 1)(V2f(21,0)22.0, 720)|

e ([V2 f(z1) = V2 f(z1,0)] 22, 22)

+ €V f(1,0) T2, T2) — €V f(21,0)T2.0, T20)

(V2 f(21,0)72,0, xz,o)’

(V2 f(21,0)22,0, 22,0)|

V2 f(z1,0) + V2 f(21,0)] 22, 2)

4 (eat o

=
=

oot <[V2f(:r1) . V2f(x1,0)] To, l‘2>‘

eat

(V2 f(21,0)T2, T2) —

<V2f($1,0)$2,0, $2,0>

+ (e - 1)’<V2f(371,0)$2,07$2,0>’

INE

e Hyllwy — zy0] - |22

+ eat

(V2 f(21,0) |22 — 220, 22 + w2,0>‘

+ Lyllzaol*(e* — 1)

where the inequality (i) follows from the triangle inequality,
and the inequality (ii) is an immediate consequence of Assump-
tions (A3) and (Al), recalling £ = max{{y, L¢}. According
to the abovementioned analysis, one can deduce that

|e®(V2 f(z1)@2, x2) — (V7 f(21,0)2,0, 2,0)|
(') x
atH H ;0” (6 _ 1) ~626t||122,0H2

+ e Lyl — x| - [lz2 + 220 + (e — 1)
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20 (€ = 1)
+ e Ly (e = 1) ol - (e
+ Lpllz ol (e - 1)

= ((H7 /)2 | - (7 — 1)

L (D ) (5 — 1) + L6 = 1)) flanol?

D 5 osao

+ 1) [|z20ll

where we made use of the inequality (19a), the inequality
(19b), and the triangle inequality in the inequality (i), and the
inequality (19b) and the triangle inequality in the inequality (ii),
respectively.

Step 4: We now study the input variation |ug(z) — ur(z )]
along the solution trajectories of the hybrid control system (),
(4) during the first interjump interval. Observe that

’ul(x) — ul(m70)|

IV f(x)||” = (V2 f(21)@a(t), o)
<Vf($1), —$2>

_||vf(1710 H2 f(xl,o)xz,o,iliz,@
<Vf($1 0); —T2,0)

I \ZC [ (V2 f (1)1, 22)
mHVf(ommHZe-at ﬁxﬂvm )|[eme
. va(xl,O)H $10)$207$20>

Bel|V £ (1.0)]|” ﬁ1||Vf(ff )|I*

@) 1
<——
Bi||V f(z1,0)||
PR S

Bi||V £ (210)|)

e (V2 fa1)me, 22) — <V2f($1,0)562,0,$2,0>‘
(i) Br

22,01
Br

22,0l

e (V2 f(21) w2, 22) — <V2f($1,0)$2,07$2,0>‘

[V E @) = IV £ o)

Vi) = IV Fro)|

X

where we made use of the triangle inequality in the inequality
(1) and the relation (22) in the equality (ii), respectively. Based
on the abovementioned discussion, we then conclude that

|ur(2) — ur(z )|

M pr
<
= w20l
L @ 1 «
< (e (O ) (= )4 (= 1)) ol

()

H
S <f6(a+26)t||$2,o|

220l \ ¢
_|_ £f (e(a+6)t _|_ eat) (€§t _ 1

.
< HLe(Boe 4 1)(e - 1) + o

BBt |V fano)] - (¢ - 1)
L (4 e (¢ 1) + Ly (™ 1))
_ 5 BiHy 35
f(Lf S (BrCe +1) + BI+—I(5 €3

+51£f(€26t 4 eét) +ﬁl£f> (e‘” - 1)

6 IV (@10)l

éf’(t, va(xl,O)H)

where the inequality (i) follows from the implications of Steps 2
and 3, and the equality (ii) is an immediate consequence of the
relation a < § and the equality z2 0 = —f1V f(21,0)-

Step 5: Consider a, defined in (8d) and recall that ug(z ) by
design lies inside the input interval [uy, ). The quantity a, is a
lower bound on the distance of uz(z o) to the boundaries of the
interval [ug, ug]. Thus, the interjump interval 7y satisfies

1 > max {t >0: |U1($) - UI(Z,OM < al}

> max {t >0: ¢(t, HVf(xl,O)H) < al}

where the second inequality is implied by the analysis provided
in Step 4. Consider a positive constant > 1. One can infer for
every t € [0,0 logr] that

oL, [V f(z1,0))
< (rLpo™H(rprC + 1) + B+ B H 6|V f(x1,0)]
+ (r? + 7)Bily + Bily) (e — 1)
(a2 + as||V f(z10)[)(e” = 1)
Ot IV f(z1,0)Il)

where the constants a5 and a3 are defined in (8e) and (8f), respec-
tively, and the inequality e’ < 7 is used. Suppose now 7’ is the
lower bound of the interjump in (7). Then ¢/ (7, |V f(z1,0)]]) =
a1, where the constant a; is defined in (8d). It is straightforward
to establish the assertion made in (7).

In the second part of the assertion, we should show that
the proposed lower bound in (7) is uniformly away from zero
along any trajectories of the hybrid system. To this end, we
only need to focus on the term ||V f(z1(¢))|. Recall that
Theorem III.1 effectively implies that limy_,. ||V f(x1(¢))| =
0, possibly not in a monotone manner though. This observa-
tion allows us to deduce that M := sup,~q ||V f(z1(t))]] < oo.
Using the uniform bound M, we have a minimum nonzero inter-
jump interval, giving rise to a Zeno-free behavior for all solution
trajectories.
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B. Proof of Theorem Il1.4

The proof follows a similar idea as in [33, Th. 3.1] but
the required technical steps are somewhat different, leading
to another set of technical assumptions. In the first step, we
begin with describing on how the chosen input uyr(z) in (9b)
ensures achieving the desired exponential convergence rate
O(e"). Let us define the set &, := {z € R* : a(f(z1) —
f*) < (Vf(x1), —x2)}. We demonstrate that as long as a so-
lution trajectory of the continuous flow (9a) is contained in the
set &, the function f obeys the exponential decay (5). To this
end, observe that if (z1(t), z2(t)) € E4

L (P 0) ~ 1) = (V1 (a(6)), 22())
< —af(z1) = [).

The direct application of Gronwall’s inequality (see [42,
Lemma A.1]), to the abovementioned inequality yields the de-
sired convergence claim (5). Hence, it remains to guarantee that
the solution trajectory renders the set &, invariant. Let us define
the quantity

o(t) = (VS (21(8), 22(0) + o (@:1(0) = 1*).

By construction, if o(t) < 0, it follows that (z1(t), z2(t)) € Ea.
As aresult, if we synthesize the feedback input uyy () such that
¢(t) < 0 along the solution trajectory of (9a), the value of o (t)
does not increase, and as such

(z1(t), 22(t)) € Ea, VE >0 <= (21(0),22(0)) € &.
To ensure nonpositivity property of (¢), note that we have
o(x)
= (V2 f(@1)x2, 22) + (Vf(@1), &2) + AV f(21), x2)
= (V2 f(21)x2, 22) + (Vf(@1), =2 — urr(2)V f (21))
+ oV f(21), 22)
= (V2 f(21)x2, x2) + (Vf(@1), —22) — ur(2) ||V f(z1)]|?
— oV f(z1), —2)
= (V2 f(z1)z2, 22) + (1 = a)(V f(21), —22)
—urr(2)||Vf(z1)]* =0

where the last equality follows from the definition of the pro-
posed control law (9b). It is worth noting that one can simply
replace the information of the Hessian V2 f(z1(¢)) with the
upper bound L; and still arrive at the desired inequality (see
also Remark III.9) with regards to the first-order information
oracle. Up to now, we showed that the structure of the control
feedback guarantees the a-exponential convergence. It remains
then to ensure that 2(0) € &,. Consider the initial state x2(0) =
—BuV f(2z1(0)). Notice that

o(F(1(0) = 1) = 95 @0

S (—22(0), V£ (21(0)))

(Vf(21(0)), —2(0))

IN

where in the first line we use the gradient-dominated assump-
tion (A2), and in the last line the condition (10c) is employed.
Suppose (21 (0), 24 (0)) " as the jump state . It is evident that
the range space of the jump map (9d) lies inside the set &,. At
last, it is required to show that the jump policy is well-defined
in the sense that the trajectory lands in the interior of the flow
set Cr (9c), i.e., the control values also belong to the admissible
set [ugy, Trr). To this end, we only need to take into account the
initial control value since the switching law is continuous in the
states and serves the purpose by design. Suppose that 2+ € Cry,
we then have the sufficient requirements

—LBAl VL DI + (A = a)Bul| V()|

s NiGE
< UII(ilJJr)
LV D) + (1 - )Bull VAP
<
= NIE =

where the relations (9b) and (A1) are considered. Factoring out
the term ||V f (x7)||? leads to the sufficiency requirements given
in (10a) and (10b). Hence, the claim of Theorem III.4 follows.

C. Proof of Theorem Il.5

In order to facilitate the argument regarding the proof of
Theorem IIL.5, we begin with providing a lemma describing
the norm-2 behaviors of (V f(x1), —x2), x2, and V f(x1). For
the sake of brevity, we employ the same notations used in
Section IV-A, as well.

Lemma 1V.3 (Growth bounds): Consider the continuous-
time hybrid control system (7{) with the respective parameters
(9) satisfying (10) where the function f satisfies Assump-
tions (Al) and (A2). Suppose the hybrid control system is
initiated from (z1,0, SriV f(x1,0)) for some x1 9 € R™. Then,

(Vf(x1), —w2) = e |V f(z1,0)]? (23a)

[z2]l < DIV f(z1,0) (23b)

NIV (o)l < V@) <71V (@0l (23¢)
with the time-varying scalars D, n, and 77 given by

D(t): = (Bhe™ + BuU(1—e))?  (24a)

n(t): =1— LB + Bul)7t (24b)

n(t): =14 Ls(Bh + Bul) 7t (24c)

respectively, where U := max{rr, —uy; } and £ := max{(;,
Ly}

Proof: Considering the flow dynamics (9a) and the feedback
input (9b), one obtains

4 (@), )
= (V2 f(21)x2, —w2) + (V f(21), —F2)
= (V2 f(z1)wa, —w2) + (Vf(21), 22 + unr(2)V f (21))
= (V2 f(a1)xa, —w2) + (Vf (1), 22) + urn () ||V f (z1) >
= (V2 f(z1)x2, —22) + (V[ (21), 22)
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+ (V2 f(1)m2, 22) — (1 — @) (V f (1), x2)
= —a(Vf(21), —72)

and as a result given the initial state (z1,0, =GtV f(z1,0)), the
equality given in (23a) is valid. We next turn to establish that
(23b) holds. Let us define h(t) = |lz2||?. Hence,

d, o\

%h(t) 2o, —xo —un(x)Vf(z1))

— 2l ® + 2uni () (V f (1), o)
D _2n(t) + 2umi(z) rre ||V f (21,0
< —2h(t) + 20U Bul|V f(z1,0)|I”

where we made use of the flow dynamics (9a) in the inequality
(1) and the equation (23a) in the equality (ii). We then use the
Gronwall’s inequality to infer that

A

2

t
< e M|zl +/ 672(t77)2U/BHHVf(x170)H2 dr
0

t
= 2BV (an0)||P + e 22U et |V £ (wr.0) || / 27 dr
0

= 672t||Vf(5C1’0)H2 (512167% + BHU(l — 67%))

=: D2(1)[|V f(z10)|”

where D(t) is defined in (24a). As a result, the claim in (23b)
holds. The argument to show the last claim in Lemma IV.3 is
discussed now. Let us define g(t) := ||V f(x1)|*. Observe that
4 g(t) = 2(V2f(x1)z2, V f(21)), and as a result

d

%9 (t)‘

2 oL lleall - |V F )| = 252 V/5 (D)
< 2L, D(1)||V f(1.0)|| VoD

where the inequalities (i) and (ii) are implied by Assump-
tion (Al) and the inequality (23b), respectively. Hence, we
deduce that

@ 9(t) > ~2£;D(0)[[V S (a10) | Vo)

and as a consequence
dg(t)
g(t)

Integrating the two sides of the abovementioned inequality
results in

g(t) —

> —2L;D(1)||V f(x1,0) |dt.

9(0)

> L[|V F (o) / D(r)dr

t 1
= L[|V f(210)|] /0 (51216_2T + Bul (1 - 6_27)) “dr

t 1
> —EfHVf(xl,o)H/o (Bfx + Bul) *dr

= —L¢ ||V f(x10)]| (B + Bul) .

Based on the abovementioned analysis and the definition of g(t),
it follows that

|V f(@1)| =n@®)|| V(@)

where 7)(t) is given in (24b). Proceeding with a similar approach
to the one presented previously, one can use the inequality

d
279 < 2L, D)V f(z1,0)[[ V9 (?)
and infer that

|V f(@0)| <7V f(zw0)|

where7j(t) is defined in (24¢). Thus, the last claim in Lemma V.3
also holds. |

Proof of Theorem I11.5: We are now in a position to formally
state the proof of Theorem III.5. Consider the parameter § as
defined in Theorem IIL.5. Intuitively, this quantity represents a
lower bound on the distance of u(0) from the endpoints of
the flow set interval. Thus, one can obtain a lower bound on the

interjump interval 7y1 as follows:
i1 > sup{t > 0 : |ugz(¢) — ur(0)| < d}. (25)

On the other hand, given the structure of uyy in (9b)

LGl etV @)l
el ~ YT N e
<un(t) <
Lilleal? | Bue Vi o)l
i@~ YT e

since the function f satisfies Assumption (Al). In light of
Lemma IV.3 and considering the abovementioned relation, one
can infer that for o < 1, we name Case (i)

__D()? Pre
e(t) == — (D)2 +(1- cv)iﬁ(ﬁ)2
< un(t)
2 —at
L;} Z)(ﬁ) +(1-a) 6;1(;2 =e(t)  (26a)
and that for > 1, we denote by Case (ii)
L ffD(t)Q ,Bnefat
20)= " T ey
< ugr(t)
L:D 2 —at
7’;7 ( tg) +(1- 04)57171((;)2 =:p(t).  (26b)

According to the abovementioned discussion, we employ (26)
to obtain a lower bound 7yy instead of using (25). Consider
a time instant ¢, such that ¢, < 1/w where w is defined in
Theorem IIL5. u
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Case (i) (v < 1): Letus denote sup;eg 1 | €(t) by by. Observe
that

_ 2L¢fue ' (—fu + U)(1 - wt)?

e(t) (1= wt)?
2w(1 — wt)LfﬂH (ﬁne_m +U(1- B_Qt))
(1 —wt)?
< 2Lfﬂ11U€72t(1 — wt)2
- (1 —wt)?
2w(1 — wt)LfBH (ﬁ11672t + U(l — 67275))
+ (1 —wi)
Zw(l — wt)ﬂne*%
)=
2Lf611(U+W(ﬂII + U)) (1 _ ) 2‘*}511
= A= wt)? 1= o)
- 2L B (U + w(fu + U)) (1w 2wt
- (1 —wty)? (1 —wty)?

=: b1
considering (26a). Hence, &(t) < byt 4+ €(0) and as a result

i1 > max{t € (0,t.] : byt +2(0) — 2(0) < 5}

= min{t., /b1 } (27)

by virtue of the fact that byt +€(0) is a monotonically in-
creasing function that upper bounds wury(t). Now, let us define
by := infye(o,4,) €(t). Notice that

é(t)
~ 20pBe (B — U)(1 — wt)?
N (1 — wt)?
Zw(l — wt)ffﬂn (ﬂn(—;’izt5 + U(l — 672t))
a (1 —wt)?
—afBe (1 + wt)? — 2w(1 + wt)Prre 2t
(1+wt)t

+(1—a)

—2£fﬁ[1€72tU(1 — wt)2
(1 —wt)*
2w(1 — wt)ﬁfﬁn (ﬁue_% + U(l — G_Zt))

(1 —wt)?

B (1 B a) aﬁne""t(l -+ wt)2 -+ 2&](1 —+ wt)ﬁ11672t
(14 wt)?

S 72£fﬁII(U + w(Prr + U))
- (1 - wto)?

aBr(l + wts) + 2wPn
1

>

—(1-a)

=: —bQ.

Thus, e(t) > —bot 4 ¢(0) and as a consequence
TII Z max{t € (O,to] : Q(O) - (—bgt + Q(O)) S (5}

= min{t.,5/bs} (28)

because the function —bot + ¢(0) is a monotonically decreasing
function that lower bounds gy ().

Case (ii) (a« > 1): Much of this case follows the same line
of reasoning used in Case (i). We, thus, provide only main
mathematical derivations and refer the reader to the previous
case for the argumentation. Define b3 := sup;c(o ¢, p(t). One
can deduce from (26b) that

_ 2L Brre (=P + U)(1 — wt)?

p(t) (T —wt)?

2w(1 — wt)LfBH(BHe_Qt + U(l — 6_2t))
+ (1 —wt)t

—afe” (1 + wt)? — 2w(1 + wt)Brre 2

+(1-a) 1+ wt)

- 2L (U + w(fr +U))
- (1 —wty)?

af(l + wts) + 2w

+ (v —1) .

= : bs3.
Hence, p(t) < bst +p(0) and as a result
T > min{t., d/bs}. (29)
Finally, define p(t) := inf,c (g +.] p(t) from which it follows that

20+ Brre~ % —U)(1 —wt)?
B(t) _ fﬁII ((1611 wt)4)< )

2w(l — wt)gfﬁu(ﬂue_% +U((1 - 6_2t))
(1 — wt)?

—afe (1 — wt)? + 2w(1 — wt)Brre
(1 —wt)?

. 20Pu(U+w(fu+U))
- (1 —wts)3

+(1-a)

2w
(1 —wt,)3

(a—1)

= —b4

considering (26b). Now, since p(t) > —bst 4 p(0), it is implied
that

i1 > min{ts, 0/bs}. (30)
Notice that based on the relations derived in (28)—(30)
TII
~ 2L Pu(U 4 w(Bir+U)) 2wPi
> to, 1|
> mln{ A=wt,)? +la |(1 — L)’

+ o — 1|eBrr (1 + wto)} .
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Suppose now for some scalar r € (0, 1), ¢, is chosen such that
to < ~. Itis evident that

711

Zmin{ 5/(2£f511U1ﬂ:<:)(3511+U)) Ha

2w
(1-r)3

,]_‘

+ o — 1|afBr (1 + r))} .

It turns out that the relation (11) in Theorem IIL5 is valid and
this concludes the proof.

D. Proof of Theorem Il.11

In what follows, we provide the proof for the structure II and
refer the interested reader to [33, Th. 3.7] for the structure I.
We emphasize that the technical steps to establish a stable
discretization for both structures are similar.

According to the forward-Euler method, the velocity &; and
the acceleration 25 in the dynamics (H) with (9) are discretized
as follows:

ad Wil . (31a)
s
k+1 k
A
2 . 2 = —ud’n(ﬂck)Vf(:E’f) — 33]5 (31b)

where the discrete input w4 11(2*) = urz(z*). Now, observe that
the definition of the flow set Cy 11 (13b) implies

cllz5l* < [VF@DI* < c2(Vf(af), —25)
< o[ VE D) - |23l

where the extra inequality follows from the Cauchy—Schwarz
inequality (Va,b € R"™, (a,b) < ||a|| - ||b])). In order to guaran-
tee that the flow set Cy 11 is nonempty the relation (16a) should

V£ (@5)]
B

hold between the parameters c; and co since /&< <ca.

Next, suppose that the parameters ¢1, ¢o, and 3 satisf; (16b).
Multiplying (16b) by ||V f (2%)]|, one can observe that the range
space of the jump map G4 11(x*) = ((z%)7, =BV f(2*))T
inside the flow set Cq 11 (13b). From the fact that the discrete
dynamics (12) evolves respecting the flow set Cq 11 defined in
(13b), we deduce

FTh) = f(ah)

< (Vf(ah), a7t —

L
o}) + Flaf o)

Lfs
2

_ s N k
SV + S V£

— - 71
( +
L

<oup (=24 2 () - 1)

< —s(Vf(a}), —25) + =51

A

)II?

2 ) IV St P

co  2c

where we made use of the relation (3), the definition (31a),
the relation (13b), and the assumption (A2), respectively. Then,
considering the inequality implied by the first and last terms
given previously and adding f(x%) — f* to both sides of the
considered inequality, we arrive at

FE) — 5 < As,e1,00,8) (F(=8) — £7)

where A(s, ¢1, c2, 3) is given by (15). As aresult, if the step size
s1s chosen such that s < Ci%f then A(s, ¢1, ¢2,8) € (0,1). The
claim of Theorem III.11 follows.

V. NUMERICAL EXAMPLES

In this section, a numerical example illustrating the re-
sults in this paper is represented. The example is a least
mean square error (LMSE) problem f(X) = || AX — b||? where
X € R? denotes the decision variable, A € R%0*5 with L F=
2Amax (AT A) = 136.9832 and pf = 2\min(AT A) = 3.6878,
and b € R%°. Since the LMSE function is convex (in our case,
this function is strongly convex), we take £; = 0. We begin with
providing the results concerning the continuous-time case. Then,
the discrete-time case’s results are shown.

A. Continuous-Time Case

In what follows, we compare the behaviors of the proposed
structures I and II (denoted by Struct I and Struct II, respectively)
with the following fast methods.

1) (NWR): Nesterov’s fast method (1) with
without any restarting scheme.

2) (NSR): Nesterov’s fast method (1) with v(¢) = % with the
speed restarting scheme proposed in [18, Sec. 5].

3) (AA-AMD): The adaptive averaging accelerated mir-
ror descent method proposed in [28, Sec. 2] with
the choice of parameters given in [28, Exam-
ple 1], 8 =3, and the adaptive heuristic a(t) = % +
sign(max{0, —(V f(X (1)), X(£))}) % 7.

4) (HDA): The Hessian driven accelerated method proposed
in [27] witha =3 and § = 1.

(The notations for some of the parameters involved in the
abovementioned methods are identical, e.g., the parameter /3
appears in both AA-AMD and HDA. Notice that these pa-
rameters are not necessarily the same. We refer the reader to
consult with the cited references for more details.) We set the
desired convergence rates oy and agr equal to each other. We
then select S and Py such that the corresponding flow sets
[y, Tr] and [ugp, upg) are relatively close using Theorem II1.1
and Theorem II1.4, respectively. The corresponding parameters
of Struct I and Struct IT are as follows: ay = 0.2, fr = 0.1356,
ur = —14.352, 1wy = 15.1511; agr = 0.2, Brr = 0.0298, upp =
—0.1861, wrp = 5.7457.

In Fig. 1(a), the behaviors of the suboptimality measure
F(X(t)) — f* of the considered methods are depicted. The
corresponding control inputs of Struct I, Struct II, and NSR
are represented in Fig. 1(b). With regards to Struct I, observe
that the length of interjump intervals is small during the early
stages of simulation. As time progresses and the value of V f (X))
decreases, the length of interjump intervals relatively increases

v(t) =32 and
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Fig. 1. Continuous-time dynamics of Struct |, Struct Il, NSR. (a) Ob-  Fig. 2. Discrete-time dynamics of Struct |, Struct Il, NSR. (a) Standard

jective value along system trajectories. (b) State-dependent and time-
varying coefficients.

(echoing the same message conveyed in Theorem III.2). Fur-
thermore, in the case of Struct I where uj plays the role of
damping, the input vy admits a negative range unlike most of
the approaches in the literature.

B. Discrete-Time Case

The discrete-time case’s results are now shown. We employ
Algorithm 1 for Struct I and Struct II.
InFig. 2(a), we compare these two structures with the discrete-
time methods.
1) (NWR): Algorithm 1 in [29] with ¢ = 0 and ¢}, = LLf
2) (NSR): Algorithm 1 in [18] with ki, = 1 and s = LLf
3) (AA-AMD): Algorithm 1 in the supplementary material
of [28] with § = ™** = 3.

tuning parameters. (b) Example-based optimal tuning parameters.

4) (NGR): Nesterov’s method with the gradient restarting
scheme proposed in [29, Sec. 3.2] with ¢ = 0 and ¢, =
1
-

It is efvident that the discrete counterparts of our proposed
structures perform poorly compared to these algorithms, re-
inforcing the assertion of Remark III.12 calling for a smarter
discretization technique. Observe that NGR provides the best
convergence with respect to the other consider methods. In
Fig. 2(b), we depict the best behavior of the considered methods
(excluding NGR) for this specific example. It is interesting that
NGR still outperforms all other methods.

Consider the three methods Struct I, Struct II, and NSR in
Fig. 2(a). The results depicted in Fig. 2(a) correspond to the
standard parameters involved in each algorithm, i.e., the step
size s = 1/Ly for the proposed methods in Corollary III.13,
and the parameter k,;;, = 1 in NSR. As we saw in Fig. 2(b),
these parameters can also be tuned depending on the application
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R — at hand. In case of NSR, the role of the parameter k£, is to
== = kyin = 10 prevent unnecessary restarting instants that may degrade the
............. Z‘"f“ - ;g overall performance. On the other hand, setting kp,;,, > 1 may

- potentially cause the algorithm to lose its monotonicity property.
Fig. 3(a) shows how changing k., affects the performance.
The best performance is achieved by setting ki, = 19 and the
algorithm becomes nonmonotonic for ky,;, > 19. With regards
to our proposed methods, we observe that if one increases the
step size s, the performance improves, see Fig. 3(b) for Struct
I and Fig. 3(c) for Struct II. Moreover, it is obvious that the
discrete-time couterparts of Struct I and Struct II behave in a
very similar fashion that has to do with the lack of a proper
discretization that can fully exploit the properties of the corre-
sponding feedback input, see Remark II1.12.

—_
(=

(8]
o

1076 . . . | HIr Lt
10 20 30 40 50 60 70 80

iteration VI. CONCLUSION

(@) Inspired by a control-oriented viewpoint, we proposed two

' ' ' ---s5=1/L; hybrid dynamical structures to achieve exponential conver-
"""""" z - }‘;? I]:f gence rates for a certain class of unconstrained optimization
s—19 f L)f, problems, in a continuous-time setting. The distinctive feature
of our methodology is the synthesis of certain inputs in a
state-dependent fashion compared to a time-dependent approach
followed by most results in the literature. Due to the state-
dependency of our proposed methods, the time discretization
of continuous-time hybrid dynamical systems is in fact difficult
(and to some extent even more involved than the time-varying
dynamics that is commonly used in the literature). In this regard,
we have been able to show that one can apply the forward-
Euler method to discretize the continuous-time dynamics and
still guarantee exponential rate of convergence. Thus, a more
in-depth analysis is due. We expect that because of the state de-

10-6 L L L L L | 1 d f h d h . R l
10 20 30 40 50 60 70 80 pendency of our methods a proper venue to search is geometrica
iteration types of discretization.
(b)
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